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Human metapneumovirus (hMPV) is associated with respiratory tract infections among children and adults.
Because hMPV induces significant morbidity and mortality in the elderly, a model of hMPV infection in aged
BALB/c mice was established. Young (8 weeks old) and aged (18 months old) mice were intranasally inoculated
with hMPV. The infected mice showed respiratory dysfunction, as measured by plethysmography, a marked
loss in weight (up to 24%), and severe histopathological abnormalities including bronchiolitis obliterans
organizing pneumonia. However, clinical severity was far higher in the aged mice, and none of the young
infected mice died. Although virus replication in the lung was greater in the older mice, clearance of virus was
not delayed compared to young mice. Production of virus-specific antibody as well as neutralizing antibody was
lower. Gamma interferon and monocyte chemotactic protein-1 levels in bronchoalveolar lavage fluid were
significantly lower in older mice, whereas interleukin-6 and interleukin-4 levels were significantly higher. We
observed by flow cytometry a significant increase in the CD4� T lymphocytes (P < 0.05) of the aged mice and
no difference in CD8� T-cell recruitment to the respiratory tract between the two groups. The present study
investigated the effects of aging on the immunopathogenesis of hMPV infection and suggests that CD4� T
lymphocytes, the cytokine response, or a defect in humoral response may be associated with the increased
disease severity observed in the aged mice.

Human metapneumovirus (hMPV) was first isolated in The
Netherlands in 2001 (53) from nasopharyngeal aspirates of
young children. hMPV has since been reported in many parts
of the world and identified in patients of all ages. Two major
genotypes of hMPV circulate during community outbreaks.
More than 90% of children become infected before the age of
5, and the seroprevalence of hMPV-specific antibody in adults
is nearly 100% (35, 53). hMPV causes both upper and lower
respiratory tract diseases in infants and young children and is
frequently associated with a clinical diagnosis of bronchiolitis
in hospitalized children. Healthy middle-aged adults suffer
from an influenza-like illness, whereas both asthma (58) and
chronic obstructive pulmonary disease (15, 20, 40, 51) are
exacerbated in immunocompromised adults. Moreover, the vi-
rus is a cause of prolonged, serious respiratory infections with
associated mortality in adults with underlying disease or he-
matological malignancies (58) and following hematopoietic
stem cell (8, 13, 27, 29, 41) or lung transplantation (33, 44, 48,
52). Few studies are available for elderly populations, but it has
been shown that hMPV is a major causative agent of infections
in this population (5, 25, 38). Elderly subjects frequently suffer
from bronchitis and pneumonia, and hMPV is responsible for
many hospitalized cases of respiratory infection in this popu-
lation (3, 16, 24, 30). hMPV infections in the elderly with
underlying disease are associated with high morbidity and mor-
tality (5, 6, 9). In a group of six elderly institutionalized per-
sons, three died during an outbreak of hMPV infection (6).

Another study reported the death of two out of six elderly
patients (44).

The reasons for the more severe clinical manifestations of
hMPV infection in the elderly, however, have not yet been
established. Although BALB/c mice have been used to study
hMPV-induced pathogenesis (1, 10, 21, 39), there are currently
no animal models to study the effect of aging on hMPV infec-
tion. In this study, we sought to characterize the age-related
aspects of the clinical manifestations including pulmonary in-
flammation and airway obstruction following hMPV infection
in aged (18 months old) BALB/c mice. Our results showed that
aged mice exhibited more severe clinical disease than young
mice and that disease was accompanied by a deficit in the
humoral response and an increase in CD4� T lymphocytes in
bronchoalveolar lavage (BAL) fluid. The study of the response
of aged mice to viral infection is a key issue to understand the
pathogenesis of hMPV infection in the elderly.

MATERIALS AND METHODS

Mice. Experiments were performed in two groups of specific-pathogen-free
female BALB/c mice: 6- to 8-week-old mice (n � 74) and 18- to 19-month-old
mice (n � 77). Mice were purchased from Charles River (France), and the mice
intended for the aged mouse group were housed in a certified pathogen-free
facility at the University of Dijon until the age of 18 to 19 months. Throughout
the study, mice were allowed access to food and water ad libitum. This work was
approved by the local ethics committee of Burgundy University, France.

Cells and virus. LLC-MK2 cells were maintained in Eagles’ minimal essential
medium (Gibco/BRL) supplemented with 2 mM L-glutamine, 2 mg/ml sodium
bicarbonate, 102 U of penicillin per liter, 0.1 mg of streptomycin per liter, 1%
nonessential amino acids, and 5% fetal calf serum. The hMPV strain C4-CJP05,
a subgroup A2 virus, was a clinical strain isolated in our laboratory that was
passed through LLC-MK2 cells in Eagles’ minimal essential medium containing
0.3% bovine serum albumin (BSA) and 0.025% trypsin (infection medium) nine
times.
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At full cytopathic effect, the cell monolayer was disrupted with sterile glass
beads, and the resulting cell suspension was divided into aliquots, snap frozen,
and stored at �80°C until required. Uninfected LLC-MK2 cell lysate was pre-
pared similarly to the virus preparation to be used as the mock suspension.

Experimental model. At the time of infection, the virus and mock suspensions
were rapidly thawed at room temperature and immediately inoculated into the
mice. Both the young and aged mice were divided into two main groups: (i)
hMPV-infected mice challenged intranasally with 1 � 106 PFU/mouse of hMPV
on day zero, and (ii) mock-infected mice inoculated with an uninfected cell
preparation prepared as described above. Before inoculation, both infected and
mock-infected mice were anesthetized by intraperitoneal administration of a
mixture of 80 mg of ketamine/kg (Imalgene; Merial, Lyon, France) and 16 mg of
xylazine/kg (Rompun; Bayer, Puteaux, France) of body weight, diluted in phos-
phate-buffered saline (PBS) to a final volume of 200 �l/mouse. The mice were
weighed daily and observed for signs of illness. Blood was collected by retroor-
bital puncture on days 0, 6, 14, and 25 postinoculation (p.i.). Airway obstruction
(AO) was measured daily from day 0 to day 22 p.i. At the indicated time points
described below, the mice were killed by pentothal injection as follows: on days
3, 5, 7, and 9 p.i. to assess the level of viral replication; and on days 2, 6, 14, and
25 p.i. to measure the quantity of cytokine in BAL fluids, to determine and
analyze cell infiltration in BAL fluid, or for lung histopathological analysis.

Illness severity score, body weight, and temperature. Clinical illness was
scored daily by a blinded observer using a grading system as follows: 0, healthy;
0.5, huddling; 0.5, reduced activity; 1, inactive; 1, ruffled fur; 2, emaciated; 6,
dead. In addition, body weight and temperature were measured daily to monitor
the progression of disease. Temperature for the four groups of mice was mea-
sured using a rectal thermometer. Every day, the mean temperature of the
mock-infected mice was considered the reference for interpretation of the
results.

hMPV quantification and virus titration in lungs. LLC-MK2 cells were seeded
into 24-well plates 24 h prior to titration. Immediately before titration, the
medium was aspirated from the cells, which were then washed with PBS before
inoculation with serial 10-fold dilutions of the virus in the infection medium. The
plates were incubated at 37°C for 2 h. The inoculum was subsequently removed,
and the cells were covered with infection medium containing 0.5% agarose. The
virus infection was left to propagate for 3 days. Detection of hMPV cytopathic
plaques by immunostaining was as follows: the agarose was removed, and the
cells were fixed in cold methanol containing 10% acetone (between each step,
the cells were washed with PBS). A human anti-hMPV serum diluted to 1:100 in
PBS was added to the cells, and the plates were incubated at 37°C for 30 min. The
cells were then incubated with a horseradish peroxidase-labeled anti-human
immunoglobulin G (IgG) diluted to 1:500 (Southern Biotechnology Associates,
Birmingham, AL) at 37°C for 30 min before the addition of an aminoethylcar-
bazole substrate for peroxidase (Vector Laboratories, Burlingame, CA). They
were then left for 10 min at room temperature. The plates were finally rinsed
with water. Cytopathic plaques were counted after aminoethylcarbazole staining.
To quantify virus replication, the lungs were individually homogenized with
1-mm glass beads in a Mini-BeadBeater homogenizer (Biospec Products). The
suspension was centrifuged at 10,000 � g for 1 min at 4°C, and the resulting
supernatant was titrated as described above. Virus titer was expressed as PFU/g
of lung. The sensitivity of this plaque assay is �66 PFU/g of lung.

Detection of hMPV-specific IgG, IgG1, and IgG2a antibodies in serum by
ELISA. Wells of Maxisorp plates (Nunc, Denmark) were coated with hMPV-
infected or uninfected LLC-MK2 cells. The plates were blocked with PBS con-
taining 10% milk. Serial dilutions of serum (starting dilution of 1:100) in PBS
with 5% BSA were incubated at 37°C for 1 h and then added to the wells. Total
IgG, IgG1, and IgG2a were detected by the subsequent addition of biotinylated
goat anti-mouse antibody (anti-IgG, 100 ng/ml; anti-IgG1, 50 ng/ml; anti-IgG2a,
100 ng/ml) (Southern Biotechnology Associates, Birmingham, AL), followed by
neutralite avidin-horseradish peroxidase (Southern Biotechnology Associates).
Color was developed by adding Sure Blue TMB (tetramethylrhodamine isothio-
cyanate) peroxidase substrate (KPL, Gaithersburg, MD), and the optical density
(OD) was read at 450 nm. Titers in enzyme-linked immunosorbent assays
(ELISAs) were expressed as the reciprocal of the final dilution with an OD of 0.2,
which was at least twice that of the negative control.

Neutralizing antibodies. Neutralizing antibody responses in serum of hMPV-
and mock-infected mice collected at days 0, 14, and 25 after the challenge were
assessed using a 50% cytopathic plaque reduction assay. hMPV (2 � 102 PFU/
ml) was mixed 1:1 (vol/vol) with serial twofold dilutions of serum in the infection
medium. Reaction mixtures were incubated for 1 h at 37°C and added to LLC-
MK2 cells in 24-well plates for 2 h at 37°C. The cells were subsequently covered
with infection medium containing 0.5% agarose, and the virus infection was left
to propagate for 3 days. Detection of hMPV cytopathic plaques was performed

using the same method of immunostaining as for virus titration. The neutralizing
antibody titers were calculated as the reciprocal of the highest serum dilution
that inhibited 50% of virus plaques (relative to the virus control). This assay was
performed in duplicate.

BAL. Lavage of the airways was performed twice via a trachea cannula with 1
ml of PBS. The resulting fluid was immediately centrifuged (at 500 � g for 5 min)
(56). Supernatants were removed and stored at �80°C for cytokine quantifica-
tion, and pellets of BAL cells were resuspended in 500 �l of RPMI medium.

Quantification of leukocytes in BAL fluid. BAL cells were pelleted onto glass
slides (Cytospin; ThermoShandon, Pittsburgh, PA) by cytocentrifugation (400 �
g for 4 min at low speed). Specific cell populations were distinguished using eosin
methylene blue (RAL555 kit; RAL Reagents, Martillac, France). A minimum of
200 cells/slide were counted.

Quantification of cytokines in BAL fluid. Interleukin-6 (IL-6), tumor necrosis
factor alpha (TNF-�), and soluble TNF receptor 1 (sTNF-R1) were detected
simultaneously using a commercial DuoSet ELISA Development System (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions. The
lower limits of detection were 15 pg/ml, 60 pg/ml, and 8 pg/ml, respectively.
Monocyte chemotactic protein-1 (MCP-1) was detected with BD OptEIA Set
Mouse MCP-1 (BD Biosciences, San Diego, CA) with a limit of detection of 15
pg/ml. IL-4 and gamma interferon (IFN-�) were quantified by sandwich ELISA
using commercially available antibodies (Becton Dickinson, San Jose, CA) and
avidin-peroxidase (SIGMA-Aldrich, Steinheim, Germany), in accordance with
the manufacturer’s protocol. Color was developed by adding Sure Blue TMB
peroxidase substrate (KPL, Gaithersburg, MD), and the OD was read at 450 nm.
Detection limits were 80 pg/ml for IFN-� and 15 pg/ml for IL-4. All concentra-
tions of cytokines were calculated from a standard curve by using recombinant
mouse protein as a standard.

Flow cytometric analysis of cell surface and intracellular antigens. Single-cell
suspensions of BAL cells (0.5 � 106) were surface stained for 30 min at 4°C with
anti-CD3-fluorescein isothiocyanate (FITC) or anti-CD45-FITC (BD Phar-
Mingen, Le pont de Claix, France). Samples were then washed with PBS con-
taining 1% BSA and 0.1% sodium azide. Lymphocytes were identified by their
forward and side scatter properties. Data were analyzed on a Beckman Coulter
flow cytometer on 40,000 events per sample.

To detect intracellular cytokines, freshly isolated cells (0.5 � 106) were stim-
ulated for 4 h at 37°C with 50 ng/ml phorbol myristate acetate (Sigma, Steinheim,
Germany), 500 ng/ml ionomycin (Sigma, Steinheim, Germany), and 2 �l/3 ml
monensin (Golgi stop; BD PharMingen). The cells were then washed with buffer
(PBS containing 1% BSA and 0.1% sodium azide), incubated for 30 min at 4°C
in buffer with rat anti-mouse CD16/CD32 antibodies (Fc Block; BD Phar-
Mingen). Cells were then fixed and permeabilized with Cytofix/Cytoperm (BD
PharMingen) for 20 min at 4°C and washed in buffer. Single-cell suspensions of
BAL cells (0.5 � 106) were then incubated for 30 min at 4°C with the following
antibody combinations: (i) anti-CD4-FITC (clone RMA4-5), anti-CD8-biotine-
ECD (energy-coupled dye; clone 53-6.7), and anti-IFN-�-phycoerythrin (PE)
(clone XMG1.2; BD PharMingen); (ii) anti-CD4-FITC (clone RMA4-5), anti-
CD8-biotine-ECD (clone 53-6.7), and anti-IL-4-PE (clone 11B1; BD Phar-
Mingen); (iii) anti-CD3-FITC (clone 17A2), anti-CD49b/pan-NK-biotine (clone
DX5), and anti-IFN-�-PE (clone XMG1.2; BD PharMingen). For group iii, 2 �l
of streptavidin-ECD (Beckman-Coulter) was added, and the mixture was left in
the dark at room temperature for 15 min. Conjugated isotype-matched control
antibodies were used to define background gates.

Determination of AO. Whole-body, unrestrained plethysmography (Buxco
Electronics Inc., Sharon, CT) was used to monitor the respiratory dynamics (the
enhanced pause, or Penh value) of mice in a quantitative manner. Penh, as
measured by plethysmography, has already been validated in animal models of
infection-associated AO (22). The mice were allowed to acclimatize to the
plethysmograph chamber, and then baseline readings were recorded to deter-
mine AO. Airway function was evaluated daily until day 22 p.i. for hMPV- and
mock-infected mice.

Pulmonary histopathology. Lung tissue of mice from both hMPV- and mock-
infected groups was fixed in 4% buffered formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. Histopathology was assessed on
days 2, 6, 14, and 25 p.i. by a pathologist in a blind test. Each section was graded
from 0 to 3 for six parameters: bronchitis, peribronchiolar and bronchial infil-
trates of lymphocytes, perivascular infiltrates of lymphocytes, parenchymal pneu-
monia (presence of neutrophils and monocytes), alveolitis (inflammatory cells
within alveolar spaces), and organizing pneumonia (presence of polypoid fibro-
blastic and collagenic tissue in alveolar duct and alveoli). A cumulative score was
then calculated for each mouse (the greater the value, the greater the inflam-
matory changes in the lung). Masson’s trichrome stain was used to visualize
collagen deposition in hMPV- and mock-infected mice.
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Statistical analysis. Data are presented as means 	 standard errors of the
means (SEM). Mean values were compared by one-way analysis of variance and
multiple comparison tests (Scheffe) in order to determine significant differences
between the groups at the same time point. Bartlett’s test was used to assess the
homogeneity of variance. A nonparametric test (Kruskal-Wallis) was performed
when the data were not normally distributed, when the variance was heteroge-
neous, or when the sample size was too small. A P value of 
0.05 was considered
significant. This initial threshold was increased to take into account the number
of tests performed. All analyses were performed with STATA software (version
8). The recovery phase estimated by weight changes from day 10 to day 15 p.i.
was compared across hMPV-infected groups by applying generalized estimating
equations (GEEs) with an exchangeable correlation matrix and a robust variance
estimator (26).

RESULTS

Disease. (i) Weight. On day 2 p.i., young hMPV-infected
mice started to lose weight (young mice, �8.1%; aged mice,
�4%; P 
 0.01); then both groups of infected mice lost weight
to a greater extent: up to �24% around days 8 to 10 p.i.
However, the young mice started to recover earlier than the
surviving aged mice (P 
 0.01) (Fig. 1A).

(ii) Clinical signs. A cohort was observed for signs of disease
such as ruffled fur, tendency to huddle, or being less active,
inactive, hunched and emaciated, or dead. As early as day
2 p.i., infected mice exhibited ruffled fur and a tendency to
huddle. The clinical signs score (CSS) of aged mice then in-
creased at day 3 (1.33 compared to 0 for the young; P 
 0.01);

then the CSS of both groups of infected mice increased to
reach a value of 4.7 at day 7 p.i. (Fig. 1B). Afterwards, while
the CSS of the young mice decreased (P 
 0.01 at day 8 p.i.)
and was followed by recovery, the CSS of the aged mice in-
creased. The majority of deaths occurred at days 11, 12, and
20 p.i., and most of the aged mice were dead at day 25 p.i.
(62.5%, i.e., 5/8) (Fig. 1C). None of the young hMPV-infected

FIG. 1. Kinetics of signs of disease after hMPV infection in aged and young mice. (A) Weight curves. Weight was calculated as a percentage
of the starting weight (100%). **, P 
 0.01, young versus aged hMPV-infected mice; §§, difference in recovery phase of the two groups of
hMPV-infected mice estimated by applying GEEs on weight changes from days 10 and 15 p.i. (B) Clinical score evaluated with the following
parameters: ruffled fur, reduced activity, huddling, emaciation, death. **, P 
 0.01, young versus aged hMPV-infected mice. (C) Survival and
mortality rate in hMPV-infected mice. (D) Evolution of temperature of hMPV-infected BALB/c mice, with the temperature of mock-infected mice
used as a reference to reduce biases due to circadian rhythms. For aged hMPV-infected mice, significant temperature change is indicated as
follows: #, P 
 0.05 for day 8 versus day 3; # #, P 
 0.01 for day 2 versus day 0 and day 3 versus day 0. For young hMPV-infected mice significant
temperature change is indicated as follows: ��, P 
 0.01 for day 2 versus day 0 and day 6 versus day 0. Data are shown as the mean 	 SEM.

FIG. 2. AO following hMPV infection of young and aged mice.
AO, reported as enhanced pause (Penh) values, was determined using
whole-body unrestrained plethysmography. AO was higher in young
hMPV-infected mice (n � 3 to 32) than in aged mice (n � 1 to 35) at
days 1 and 5. **, P 
 0.01, young versus aged hMPV-infected BALB/c
mice.
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mice died during the study. None of the mock-infected mice
showed signs of illness or died.

(iii) Rectal temperature. To further investigate the clinical
manifestations, we measured rectal temperature daily (Fig.
1D). No statistical difference was observed at day 0 among the
four groups of mice. Intranasal inoculation of hMPV induced
fever at day 2 p.i. in the aged mice (�1.03 	 0.13 °C) and
young mice (�0.45 	 0.21°C; P 
 0.01, compared to temper-
ature before infection). By day 3 p.i., the rectal temperature of
the aged mice decreased dramatically to reach a value as low as
�2.9 	 0.13°C (P 
 0.01) at day 8. The temperature returned
to normal levels only at day 13 p.i. (measured on a unique
surviving aged mouse). In contrast, hypothermia in the young
mice lasted 2 only days, days 6 and 7 p.i., and their temperature
had returned to normal by day 8 p.i.

(iv) Determination of AO. AO increased with biphasic ki-
netics peaking at day 1 and from day 3 to 13 p.i., and then it
declined (Fig. 2). At day 1 p.i., AO was significantly higher in
the young hMPV-infected mice than in the aged mice: 3.5 	
0.19 and 2.31 	 0.14, respectively (P 
 0.01). On days 5 and
6 p.i., AO peaked at 4.95 	 0.28 in the young hMPV-infected

mice compared to 2.91 	 0.08 in the aged mice (P 
 0.01).
Although less severe in the aged mice, the AO in both groups
of infected mice was far greater than that in the mock-infected
mouse groups from day 1 until day 13 p.i. (P 
 0.05).

Viral load. Virus replication in the lung was assessed at days
3, 5, 7, and 9 p.i. Virus titers in aged mice were significantly
higher than in young mice at day 3 (mean virus titer in young
mice, 8.9 � 103 	 1.0 � 103 PFU/g; mean virus titer in old
mice, 17.1 � 103 	 1.8 � 103 PFU/g; P 
 0.05) (Fig. 3). Virus
titers remained higher on day 5 in aged mice but were not
significantly different from titers in young mice. Clearance of
the virus in aged mice was not delayed compared to that in
young mice as at day 9 the virus was cleared from the lungs in
both groups of mice.

Ig response. (i) IgG, IgG1, IgG2a. Virus-specific antibody
titers were determined at days 6, 14, and 25 p.i. At day 6 p.i.,
IgG antibody levels were not detectable by ELISA. In the
young mice, at day 14 IgG, IgG1, and IgG2a antibodies in-
creased significantly, and at day 25 hMPV induced prominent
specific IgG, IgG1, and IgG2a responses (Fig. 4A). In contrast,
in the aged mice, hMPV induced a low antibody response
(IgG; P 
 0.05 compared to young mice), and there was no
enhancement of IgG from day 14 to day 25 p.i. Although both
IgG2a, a typical Th1 IgG isotype, and IgG1, which is related to
the Th2-type response, were detected in the aged mice, these
levels were lower than those in young mice (IgG1, P 
 0.05;
IgG2a, P 
 0.01) at day 25 p.i.

(ii) Neutralizing antibody. We measured in vitro serum neu-
tralizing titers in both hMPV-infected groups. The young an-
imals developed a statistically significant rise in hMPV-neu-
tralizing titers by day 25 (means, 1:29 at day 14 and 1:210 at day
25 p.i.) (Fig. 4B). This titer was three times higher than the
mean serum neutralizing titer of 1:64 we observed in the aged
mice at day 25 p.i.

Characterization of cells in BAL fluids after hMPV infec-
tion. (i) Total and differential cell counts in the BAL cell
population. BAL cells were evaluated on days 2, 6, 14, and
25 p.i. for numbers of lymphocytes and neutrophils (eosino-
phils were rare). There was no significant difference in cell

FIG. 3. hMPV replication in the lungs of infected aged (n � 3 to 5)
and young (n � 3 to 5) mice. Virus titer was assessed at 3, 5, 7, and 9
days after inoculation; values are expressed in PFU/g of lung tissue.
hMPV replication in aged hMPV-infected mice at day 3 was twice as
high as the level in young hMPV-infected mice (*, P 
 0.05).

FIG. 4. Ig response following hMPV infection in serum from young and aged mice. (A) hMPV infection induced a higher level of specific IgG,
IgG1, and IgG2a responses at day 25 in young hMPV-infected mice (n � 5) than in aged mice (n � 5). #, P 
 0.05 compared to total IgG; *, P 

0.05 for IgG1; �, P 
 0.05 for IgG2a; and ��, P 
 0.01 for IgG2a in young versus aged hMPV-infected mice. (B) At day 25, young mice (n �
5) had developed three times as many neutralizing antibodies as aged mice (n � 5 to 8). *, P 
 0.05, comparison between young and aged
hMPV-infected groups. Data are shown as the mean 	 SEM.
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numbers between the aged and young hMPV-infected mice.
Cell numbers in the BAL fluids in hMPV-infected mice in-
creased approximately fivefold at day 2 p.i. compared to cell
numbers recovered from mock-infected mice, and a maximum
increase of approximately sevenfold was noted at 6 days p.i.
The cellular infiltration of the airways remained elevated over
the course of the hMPV infection. Early in the course of
infection, hMPV induced an acute neutrophilic response that
declined by day 6 p.i. (Fig. 5). The cellular infiltrate was asso-
ciated with a peak in the number of lymphocytes in the BAL
fluid at day 6. Lymphocyte numbers increased at 6, 14, and 25
days p.i. due to hMPV infection and were significantly greater
in the aged mice on days 14 and 25 of infection than in the

young mice (P 
 0.05). At day 25, lymphocytes represented the
main population in BAL cells in the aged mice.

(ii) Analysis of chemokines and cytokines in the BAL fluids
following hMPV infection. We assessed the production of the
Th1-type cytokine, IFN-�, the Th2-type cytokine, IL-4, the
proinflammatory cytokine IL-6, and the chemokine MCP-1 in
the BAL fluids of the aged and young mice as well as TNF-�
and sTNF-R1 (Fig. 6). At day 2 p.i., similarly high production
levels of MCP-1 and IL-6 were measured in the young and
aged mice. At day 6 p.i., however, levels of IL-6 in aged mice
were greater than in young mice (P 
 0.01) (Fig. 6D) while
levels of MCP-1 were lower (P 
 0.05) (Fig. 6B). TNF-�, a
cytokine associated with inflammation, fever, and antiviral de-
fense, was also detected at the same level in BAL fluids 2 days
after infection in both infected groups (P 
 0.05 compared to
mock-infected groups) (Fig. 6E). Because sTNF-R1 often
functions as a TNF-� antagonist (23, 55), we measured sTNF-
R1; the level was significantly lower in aged mice (P 
 0.05)
than in young hMPV-infected mice at day 6 p.i. (Fig. 6F).
IFN-� was produced in both groups only at day 6 p.i., with a
higher concentration in young hMPV-infected mice (Fig. 6A).
In contrast, a higher level of IL-4 was detected in BAL fluids
of infected aged mice (P 
 0.01) (Fig. 6C). All these molecules
were at basal levels in mock-infected mice.

(iii) Analysis of the cells recruited to the BAL fluids by flow
cytometry. Flow cytometry was performed at days 6 and 14 p.i.
because day 6 corresponded to the time of maximal cell infil-
trate in the BAL fluid and maximal IFN-� production, and on
day 14, aged mice had a high CSS while young mice had a low
CSS. The cellular infiltrate in the BAL fluid of hMPV-infected
mice was analyzed for T-cell subsets (CD3�, CD4�, and
CD8�) and NK cells (pan-NK). The NK response to hMPV

FIG. 5. Cellular infiltration in BAL fluid after hMPV infection.
Neutrophils appeared at day 2 in the two groups (young, n � 4 to 6;
aged, n � 3 to 5) of hMPV mice, whereas lymphocytes accumulated at
day 6. At day 25, there were more lymphocytes in the BAL fluid of
aged mice. *, P 
 0.05, for percentages of lymphocytes in BAL fluids
of young versus aged hMPV-infected mice. Data are shown as the
mean 	 SEM.

FIG. 6. Cytokine/chemokine levels in BAL fluid in young and aged mice at different days after inoculation. At day 2, MCP-1 (B), TNF-� (E),
and IL-6 (D) were produced by the two groups of infected mice. At day 6, IFN-� (A), MCP-1, and sTNF-R1 (F) levels were greater for young mice
whereas IL-4 (C) and IL-6 levels were greater for aged mice. *, P 
 0.05; **, P 
 0.01, comparison of young (n � 3 to 10) versus aged
hMPV-infected mice (n � 2 to 8). Data are shown as the mean 	 SEM.
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infection was elevated at day 6 and minimal at day 14 p.i.
Although there was a trend toward a higher level in the num-
bers of NK cells in young mice at day 6 than in aged mice, the
difference did not reach statistical significance (Fig. 7A). The
number of CD4� T cells was higher in aged mice at 6 days p.i.
and at day 14 p.i. For both groups, a substantial increase in the
percentage of CD8� T cells was detected between day 6 p.i.

and day 14 p.i., but there were no significant differences with
regard to CD8� T-cell recruitment to the respiratory tract in
the two hMPV-infected groups, suggesting that CD8� T cells
may not be the main factor associated with the increased dis-
ease severity observed in aged mice. There was no significant
difference between the two hMPV-infected groups concerning
the number of IFN-�-secreting populations of NK and CD8�

T cells, but CD4� at day 6 (Fig. 7B). In contrast, a higher
number of CD4� T cells producing IL-4 was observed at day 6
and 14 p.i. in the aged group (P 
 0.05) (Fig. 7C).

Histology. At day 2 p.i. in hMPV-infected mice, fairly small
histopathological changes were seen. Parenchymal pneumonia
with diffuse histiocytic and neutrophilic infiltration was ob-
served from day 2 through to day 25 p.i., with numerous foci of
neutrophils at day 14 in young mice and day 25 p.i. in aged
hMPV-infected mice (Fig. 8). Alveolitis appeared at day 6 and
declined at day 14 in both groups of hMPV-infected mice (Fig.
8B). The lungs of hMPV-infected mice showed large his-
topathological abnormalities characterized by abundant
perivascular lymphocytic infiltrate (Fig. 8C); these inflamma-
tory changes, discrete at day 2, increased at day 6 and were
persistent from day 6 to day 25 p.i. A peribronchiolar and
bronchiolar lymphocytic infiltrate was seen. It was discrete in
young mice and moderate in aged mice. At day 14 p.i., while
alveolitis tended to disappear, lung analysis revealed the de-
velopment of bronchiolitis obliterans organizing pneumonia
(BOOP) (14). Polypoid fibroblastic and collagenic buds (high-
lighted by Masson’s trichrome stain) were seen in the airways
of hMPV-infected mice at day 14 (Fig. 8E and F). At day
25 p.i., these fibrotic lesions were either absent or discrete.

Although both groups of infected mice presented his-
topathological abnormalities similar in nature for the lesions
examined, aged hMPV-infected mice had a higher histopatho-
logical score than young mice at day 6 p.i. (4.25 versus 6.75;
P 
 0.05). The higher score was observed at day 14 p.i. in both
groups (8 for the young mice versus 9 for the aged mice). In
aged mock mice, only a low level of perivascular lymphocytic
and peribronchiolar infiltration was observed at day 25 p.i.
(data not shown).

DISCUSSION

hMPV is a frequent cause of hospital admission for frail
elderly persons during winter. However, the mechanisms that
are associated with more severe illness in the elderly have not
been studied. hMPV promotes significant morbidity and mor-
tality. The risk factors include underlying disease, immunode-
pression, and advanced age. In the present study, we compared
the extent of clinical disease, viral replication, and pulmonary
inflammation in young and aged mice after primary virus in-
fection to evaluate the age-associated immunopathogenesis of
hMPV infection. Intranasal challenge with hMPV resulted in
infection of 100% of aged and young mice, but aged mice were
far more susceptible than young mice to hMPV infection, as
pointed out by the clinical expression and the mortality rate.
To better understand the clinical manifestations of hMPV in-
fection in aged and young mice, we determined whether hMPV
stimulated overproduction of inflammatory cytokines during
acute hMPV infection and whether it was associated with the
aggravation of symptoms observed in aged mice. In the first

FIG. 7. Characterization by flow cytometry of BAL cells after
hMPV infection. There was no significant difference in cell numbers
between the aged and young hMPV-infected mice. Numbers of NK�

(DX5�/CD3�), CD4�, and CD8� cells (A), IFN-�-producing cells
(B), and IL-4-producing CD4� cells (C) were determined by fluores-
cence-activated cell sorter analysis of BAL cells from aged (n � 1 to 3)
and young (n � 2 to 3) hMPV-infected BALB/c mice. The experiment
was repeated three times or twice (NK) with similar results. The
numbers of CD4� T cells were higher in aged mice at day 6 and at day
14 as well as CD4� T cells producing IL-4. *, P 
 0.05 for a compar-
ison of young and aged hMPV-infected groups. Data are shown as the
mean 	 SEM.
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two days p.i., the clinical manifestations in the aged and young
mice were similar (apart from a higher fever in aged mice) as
were the extent of neutrophil migration in the airways and the
levels of inflammatory cytokines IL-6, MCP-1, and TNF-�. No
IL-10 (data not shown) or IFN-� was detected at day 2 p.i. Our
results are similar to previous findings showing that hMPV
only slightly activates IFN-� in the early phase of infection and
does not induce IL-10 in BALB/c mice (19). Inflammatory
cytokines in respiratory secretions of the elderly have not been
reported. In infants, however, one report (32) showed that
hMPV elicits low levels of inflammatory cytokines including
TNF-� and IL-6 in primo-infected infants and that levels of
cytokines in sicker, hospitalized infants infected with hMPV
were not higher than those in infants infected with hMPV who
were treated as outpatients, which suggests that these inflam-
matory cytokines were not associated with severity. The main
differences in the clinical manifestations between the two
groups were observed after day 3 p.i. as were the differences in
the analyzed cytokines that were assessed at day 6 p.i. Indeed,
in the BAL fluids of aged mice, we observed lower levels of
MCP-1 and higher levels of IL-6, which has a cachectic activity.
There was no difference in TNF-�, which also has a cachectic
activity, but lower levels of sTNF-R1, an antagonist of the
TNF, were measured at day 6 p.i. in the aged mice.

IL-4 and IFN-� are known to be important in the cross-
regulation of CD4� Th cell activation. Cytokine analysis re-
vealed that significantly lower levels of IFN-� were produced in
the aged mice but that IL-4 as well as IL-4-producing CD4�

cells were detected. This contrasts with infections in the young
mice, which induced high IFN-� levels and no IL-4. Moreover,
hMPV induced high antibody responses in the young mice, but
we did not see a similar robust level of antibody response in the

old mice. This poor antibody response to hMPV in the aged
mice was not due to lower replication of the virus, as shown by
virus load at day 3 p.i. This impaired antibody response par-
ticularly concerned IgG2a, which is induced by Th1 cytokines.
This is in accordance with the fact that IFN-� decreased and
IL-4 increased in the aged mice, suggesting that these mice had
a more Th2-like profile. Data from our study support an age-
related shift from a Th1-like (IFN-�) to a Th2-like (IL-4 and
IL-6) cytokine response. Altered cytokine production with
lower IFN-� and higher IL-4 and IL-10 responses occurs in the
elderly (49). Such modifications in the context of an hMPV
infection in elderly humans have not been studied. Similarly,
the antibody response to hMPV in the elderly has not been
measured. Although a seroprevalence of 100% has been re-
ported in adults, mean antibody titers in the elderly have not
been detailed (53). In the case of respiratory syncytial virus
(RSV), the antibody response displayed by elderly individuals
is comparable to that of young adults, suggesting that humoral
immunity to RSV does not appear to be responsible for the
increased severity of RSV disease found in the elderly (17, 18).
We also determined the effect of age on hMPV neutralizing
antibody titers. As for the IgG response, an age-dependent
defect was seen in mice in their neutralizing antibody re-
sponses to hMPV. Our data suggest that the hMPV-specific
antibody response may contribute to protection against or re-
duction of the severity of the illness. This hypothesis is in
accordance with the results from Alvarez and Tripp (2), who
showed that the passive transfer of hMPV-immune serum pro-
tected naïve BALB/c mice to a certain degree from challenge,
and with the results from Williams et al. (57), who reported
that a neutralizing monoclonal antibody to the F protein con-
ferred protection against challenge (2, 57).

FIG. 8. Lung infiltration after hMPV infection. Large histopathological changes were seen in the lungs, and these changes were of a similar
nature in both age groups for the lesions examined. Representative lung sections at day 14 p.i. stained with hematoxylin and eosin are shown. Panel
A shows a lung section from a mock-infected animal. Other panels show histopathological changes in lung from hMPV-infected mice as follows:
alveolitis (B), perivascular infiltrate (C), parenchymal pneumonia (D), BOOP (E), and BOOP visualized with Masson’s trichrome stain(F).
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Whole-body plethysmography has been used to assess
whether acute hMPV infection results in increased AO. We
previously showed that infection with hMPV NL-001 induced
AO on days 1 and 2 p.i. only (10). With the clinical strain
C4-CJP05 (subtype A2) cultured with a low passage number,
an increase in AO occurred on day 1 and then again from day
3 to day 13 p.i. The viral load or, more probably, the genotype
of the strain influenced the extent and the kinetics of the
infection. In this study, the kinetics of AO were similar in the
aged and young mice infected by hMPV, but the development
in young mice was greater. At the same time, the pulmonary
levels of IFN-� and MCP-1 were significantly greater in the
young mice than in the aged mice. These results are in accor-
dance with those of Deffranes et al. (12), who reported a lesser
degree of airway obstruction concomitant with lower levels of
IFN-�, MCP-1, and RANTES in mice treated with a peptide
derived from the hMPV fusion protein (12). Two studies on
RSV infection with high inoculum titers described a significant
increase in AO associated with a high IFN-� concentration and
cellular infiltration of the lungs (28, 54). Together, these data
suggest a potential pathogenic role of IFN-� in causing AO.
Moreover, concurrent depletion of CD4� and CD8� T cells
was shown to completely inhibit airway obstruction induced by
hMPV (31).

Gross examination of the lung revealed severe lesions (data
not shown). Large histopathological changes were then seen in
the lungs, which were of a similar nature in both age groups for
the lesions examined. However, the histologic score was higher
at day 6 p.i. in aged mice. Infiltration was more perivascular
than peribronchiolar, and both groups presented organizing
pneumonia (BOOP) at day 14 p.i., which parallels what is
found in humans. Indeed, a histopathological investigation of
an 89-year-old woman who died from a respiratory failure after
hMPV infection revealed the presence of acute and organizing
diffuse alveolar damage characterized by hyaline membranes
and interstitial fibrosis as well as some peribronchiolar inflam-
mation (6).

Aging is associated with considerable decreases in CD4�

and CD8� T-cell-mediated responses (36). Cellular immune
responses probably play an important role in controlling
hMPV infection. Indeed, in immunosuppressed and transplant
patients, who present defects in cellular immune responses,
hMPV disease is prolonged and often leads to severe respira-
tory failure and sometimes death. We therefore studied T-
lymphocyte subsets in the BAL fluid of mice and showed at day
6 p.i. a trend toward lower levels of NK cells in the aged mice
than in young mice and a higher number of CD4� T cells.
These results suggest that CD4� T cells and potentially a
defect in NK cells may have a role in the increased disease
severity observed in the aged mice. Functional analysis of T
cells was estimated by IFN-� production following nonspecific
stimulation. At day 6 or 14 p.i., there was no significant differ-
ence between the two hMPV-infected groups with regard to
the number of IFN-�-secreting populations (NK and CD8� T
cells). In contrast, a higher number of CD4� T cells producing
IL-4 was observed at day 6 and 14 p.i. in the aged group (P 

0.05). There was no difference between the two hMPV-in-
fected groups concerning CD8� T-cell recruitment to the re-
spiratory tract. These findings underline the potential role of
CD4� lymphocytes rather than CD8� T cells in the aggrava-

tion of disease. Other investigators have mentioned the role of
T cells in the control of replication (1). More recently, deple-
tion of CD4� cells in young BALB/c mice has been shown to
result in significantly less body weight loss and a considerably
lower lung pathology score while depletion of CD8� cells was
less effective (31). At day 14 p.i., we did not detect IL-4 and
CD8� (data not shown), which contrasts with the findings of
Alvarez and Tripp, who reported that 2 to 4 weeks after hMPV
infection, lung T cells producing IL-4 and IL-5 were mainly
CD8� (2).

A number of reports have described declining immunity with
advancing age in humans (36, 45). It has been suggested that
during RSV infections, aging is associated with a smaller num-
ber of RSV-specific CD8� memory T cells (11) or a reduction
in the IL-10/IFN-� ratio (34). In the case of influenza, a decline
in cellular immunity was found to make elderly individuals
more susceptible to severe infections (42, 47). In an attempt to
understand the relationship between aging and responses to
primary respiratory virus infection, models using aged animal
have been developed (43, 50). Reduced CD8� T-cell responses
in BALB/c mice are associated with age for influenza (4, 37,
46) or RSV (59). More recently, differences in pulmonary
cytokine response were also related to age after RSV infection
(7). To date, no studies have evaluated hMPV infection in an
aged-animal model. We showed that age has a striking effect
on clinical manifestations, and our results suggest that CD4�

and an antibody response deficit may contribute to the severity
of hMPV disease. Our model demonstrated that susceptibility
to hMPV disease is age related. The model may provide some
clues to the mechanisms underlying hMPV disease and infor-
mation that could lead to anti-inflammatory or immunomodu-
latory treatment of hMPV disease in the elderly.
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